The Moon is depleted in volatile elements relative to the Earth and Mars. Low abundances of volatile elements, fractionated stable isotope ratios of S, Cl, K and Zn, high µ ( 238 U/ 204 Pb) and long-term Rb/Sr depletion are distinguishing features of the Moon, relative to the Earth. These geochemical characteristics indicate both inheritance of volatiledepleted materials that formed the Moon and planets and subsequent evaporative loss of volatile elements that occurred during lunar formation and differentiation. Models of volatile loss through localized eruptive degassing are not consistent with the available S, Cl, Zn and K isotopes and abundance data for the Moon. The most probable cause of volatile depletion is global-scale evaporation resulting from a giant impact or a magma ocean phase where inefficient volatile loss during magmatic convection led to the present distribution of volatile elements within mantle and crustal reservoirs. Problems exist for models of planetary volatile depletion following giant impact. Most critically, in this model, the volatile loss requires preferential delivery and retention of late-accreted volatiles to the Earth compared with the Moon. Different proportions of late-accreted mass are computed to explain presentday distributions of volatile and moderately volatile elements (e.g. Pb, Zn; 5 to >10%) relative to highly siderophile elements (approx. 0.5%) for the Earth. Models of early magma ocean phases may be more effective in explaining the volatile loss. Basaltic materials (e.g. eucrites and angrites) from highly differentiated airless asteroids are volatile-depleted,
Introduction
The origin of the Moon and the chemical and physical evolution of the Earth-Moon system remain unresolved, fundamental science problems. Dynamical models of planet formation and giant impact provide a broad range of possible formation scenarios, some of which appear to overcome previous angular momentum constraints [1] [2] [3] . Chronological evidence for the timing of formation of the Moon remains controversial [4] [5] [6] , with age uncertainties resulting from lack of resolution of parent/daughter ratios, limitations in precision of measured isotopic ratios and restrictions in accurate dating of the oldest available crustal samples that have ubiquitously suffered later impact processes at the lunar surface. Some of the strongest available evidence for a co-genetic origin for the Moon and the Earth comes from the identical stable isotope compositions of oxygen [7] [8] [9] , titanium [10] and silicon [11, 12] . These results implicate the formation of the Moon from a silicate reservoir that was isotopically identical to the bulk silicate Earth for these elements. Whether this isotopic homogeneity reflects mixing during a giant impact [1, 2] , isotopic homogenization between the proto-Earth and a silicate melt-vapour disc [13] , or if the terrestrial planet formation region was already isotopically well mixed prior to the formation of the Earth, the Moon and Venus from previously differentiated planetary embryos, remains unresolved.
The Moon is depleted with respect to the bulk silicate Earth in elements that are cosmochemically volatile or moderately volatile (figure 1a; e.g. [19] [20] [21] ). Volatile and moderately volatile elements are defined as those elements for which 50% condensation temperatures at cosmochemical gas pressures (less than 10 −4 atm) are less than 665 and 1135 K, respectively [14] . These properties extend to volatile species such as H 2 O (or OH). Hydroxyl has been detected in some lunar pyroclastic glasses [22] , as well as apatites formed during the final stages of fractional crystallization within mare basalts [23] , but water appears to be more depleted in the Moon than in the Earth. For moderately volatile elements, such as S, K, Cl, Zn, Rb, Cd and Pb, the degree of depletion in the Moon is similar to other volatile-depleted and differentiated planetesimal bodies in the Solar System, such as the parent bodies of eucrite or angrite meteorites (figure 1b).
Volatile and moderately volatile element depletions in the Moon are not recent effects, nor are their depletions solely related to removal in early, hot nebular gas [24] . The currently known chronology of volatile depletion for the Moon suggests both inheritance of volatile-depleted materials to form the Moon (and the Earth), as well as later volatile depletion. The ubiquitously low measured 87 Sr/ 86 Sr ratios (less than 0.7; initial 87 Sr/ 86 Sr = 0.69906; e.g. [5, 25] ) and extremely high µ ( 238 U/ 204 Pb) values for lunar mare basalts (approx. 300) and lunar pyroclastic glass beads (19-55; for comparison, the lowest terrestrial 87 Sr/ 86 Sr ratio comes from 3450 Ma barite, 0.70053, e.g. [26] ; compared with terrestrial 238 U/ 204 Pb ratios estimated at 6-8 [27] ), indicate that Rb and Pb depletion occurred early, either prior to or during formation of the Moon. The timing of loss of moderately volatile elements is not well constrained, but is within current estimates of the timing of the Moon-forming event [4] [5] [6] . Equally, marginally more radiogenic measured 87 Sr/ 86 Sr ratios in lunar samples, compared with angrites and eucrites, indicate early loss of Rb on some differentiated asteroidal bodies (within the first 2-3 Ma after Solar System formation for angrites and eucrites; e.g. [28] [29] [30] ).
Given the evidence for depletion of abundances of volatile and moderately volatile elements for the Moon relative to the Earth, an increasing number of studies are examining evaporative fractionation effects on stable isotopes of moderately volatile elements [31] [32] [33] [34] . Their aim is to constrain the nature of volatile element depletion and so potentially to reveal how and when such depletion occurred and whether it relates to nebula (i.e. prior to the formation of planets and [14] ) in the mantles of the Earth (unfilled circles), Moon (filled circles) and the HEDPB (grey diamonds). (b) Carbonaceous Ivuna (CI) chondrite normalized Rb/Sr versus K/U ratios in bulk meteorites and planets. Data in (a) from Dreibus & Wanke [15] , O'Neill [16] , McDonough & Sun [17] , with highly siderophile element abundance data for the Moon from Day et al. [18] . The dashed line in (a) denotes the region in which the highly siderophile elements are located for the Earth and the Moon. Panel (b) is modified from the data compilation of Davis [19] . [34] [35] [36] [37] . planetesimals), large-scale global (e.g. giant impact, lunar magma ocean) or localized (e.g. lava flow or fire fountain degassing) evaporation. Here, we review the underlying theory, seeking evidence for evaporative fractionation of stable isotopes of moderately volatile elements in planets and, using the currently available S, Cl, K and Zn data, place new constraints on how and when such processes occurred in the Moon. Our prime motivation is to explain the evidence for lower Zn abundances and high 66 Zn/ 64 Zn ratios measured in lunar mare basalts relative to martian or terrestrial basalts or ordinary and carbonaceous chondrites (figure 2). These differences have previously been interpreted to reflect a global-scale evaporation event associated with lunar [34] . In assessing evidence from fractionations observed in stable isotopes of S, Cl, K and Zn, we find the data to be most consistent with global-scale evaporative fractionation of moderately volatile and volatile elements immediately in the aftermath of the Earth-Moon forming event.
Isotopic fractionation of moderately volatile elements in cosmochemistry
Element volatility is a fundamental chemical property occurring in response to temperature variations experienced by a chemical system, the associated condensation temperatures of the elements, and the two processes of evaporation and condensation that define volatility. Under solar nebula conditions (i.e. gas pressures of less than 10 −4 atm; [14] ) all meteorite classes, and terrestrial and lunar rocks are depleted in the volatile elements compared with carbonaceous Ivuna-type (CI) chondrites (figure 1). CI chondrites are generally regarded as being representative of the bulk Solar System elemental composition (with the exception of abundances of highly volatile elements (H, C, N, O, noble gases) and elements that are reactive in stellar environments (Li, Be, B)), because of the similarity of their elemental distribution with those determined spectroscopically in the solar photosphere [14, [38] [39] [40] . Volatile depletions for various types of undifferentiated planetary materials, relative to CI chondrites, differ, but for the most part have the common characteristic of being reasonably smooth functions of volatility (expressed as 50% condensation temperatures). The volatile element patterns of differentiated planetary rocks are typically less smooth owing to the effects of igneous processes. Some incompatible elements, however, are not significantly decoupled by igneous differentiation, and ratios of volatile to refractory incompatible elements can be used to assess the level of volatile depletion in planets and parent bodies [19, 39, 41] .
A logical system for defining cosmochemical volatility has been adopted that divides the elements into different groups based on their physical and chemical properties [42] . The primary cosmochemical classification of the elements is based on volatility, with the elements divided into those that are refractory (having equilibrium condensation temperatures higher than those of the most abundant rock-forming elements, magnesium, silicon and iron), moderately volatile (having condensation temperatures lower than those of the refractory elements, but higher than that of FeS), and highly volatile (having condensation temperatures below that of FeS). For a gas of solar composition at a total pressure of 10 −4 atm, refractory elements have 50% condensation temperatures above 1335 K, moderately volatile elements between 1335 and 665 K, and volatile elements below 665 K [14] . A fourth group, the atmophile elements (hydrogen, carbon, nitrogen, oxygen, and the noble gases), have condensation temperatures of 180 K or lower and are depleted in CI chondrites, relative to the Sun. The other important classification of elements is based on which mineral phase, or phases, elements concentrate into: siderophile elements concentrate into iron-nickel metal, chalcophile elements into sulfides, and lithophile elements into oxides and silicates. An example of how this concentration behaviour affects elemental distributions is oxygen; although it is an atmophile element, it behaves as somewhat refractory owing to its early incorporation into oxides and silicates. Clearly, the timing of volatile depletion, coupled with the incorporation of elements into phases based on their concentration behaviour, is profoundly important in the current distribution of elements in the Solar System.
Volatile element depletion can be simplified into two processes: partial condensation from a cooling gas; and partial evaporation from condensed dust or melt. For elements with more than one isotope, a physical kinetic or fractional equilibrium stable isotope effect during evaporation then provides a measure of the extent of partial evaporation. The kinetic isotope effect can be best understood using the moderately volatile elements such as S, Cl, K and Zn, for which there is no evidence for large fractionations of their isotopes during planetary differentiation and which have well-determined abundance depletions. In classical theory, natural mass-dependent stable isotopic fractionation of an element occurs during any exchange reaction and is due to the difference in vibrational energy of the bonds formed by the different isotopes at equilibrium or under kinetic conditions [43, 44] . The general rule behind isotopic fractionation is that heavy isotopes of an element will have a tendency to be enriched in the compounds where that element forms the stiffest (usually the shortest and strongest) bonds [45] . A natural implication of this effect is that, during evaporation/condensation processes, the lightest isotopes will have the tendency to be enriched in the vapour phase while the heaviest isotopes will be enriched in the condensed phase. The amplitude of these effects is proportional to the mass difference between the isotopes and therefore it is most notable for light elements (e.g. H, Li, O, S). The development of a new generation of multi-collector inductively coupled plasma mass spectrometers (MC-ICP-MS) in the late 1990s has allowed high-precision measurements of the isotopic ratios of heavier elements (e.g. Fe, Zn, Cu) and small but resolvable isotopic variations are now measurable [46] . For geochemical, cosmochemical and lunar applications, much of the theoretical form of work has been reviewed previously [19, 45, 47] and the reader is referred to these articles for further details.
In order to choose stable isotopes that can effectively demonstrate isotopic fractionation during moderately volatile element evaporation, some of the same rules apply as for 'standard' stable isotope systems, such as oxygen. Classic stable isotopic theory states that elements that show stable isotopic variations in nature generally have: (i) low atomic mass; (ii) large relative mass differences between stable isotopes; (iii) a tendency to form highly covalent bonds; (iv) multiple oxidation states or other chemical variability; and (v) two isotopes or more with sufficient abundance to make measurements feasible (cf. [45, 48] ). While these rules still apply, development of clean chemistry and precise and accurate MC-ICP-MS methods has expanded the ability to measure higher atomic masses at smaller relative mass differences (e.g. Zn, U). Additionally, stable isotope systems such as Li, Mg, Si, Ca and Zn have a single predominant oxidation state that can be advantageous for simplifying interpretation of stable isotope data. For some volatile and moderately volatile elements, the determining factor in stable isotope ratio measurement is absolute abundance in natural materials. For example, low abundances of Hg, Cd and Sn in lunar rocks makes measurement of their isotopic ratios difficult given the available sample masses of lunar and asteroidal materials for study from the Apollo missions and from meteorite falls and finds. Zinc, on the other hand, while depleted in absolute abundances in lunar rocks, occurs in sufficient quantity (more than 1 µg g −1 ) that its isotopic ratios can be measured precisely.
3. The S, Cl, K and Zn compositions of lunar, terrestrial and martian rocks
In the following section, we review available stable isotopic and associated elemental abundance data for cosmochemically moderately volatile elements (S, Cl, K, Zn) for which there are comparable data for lunar, terrestrial and martian basalts, as well as data for eucrite meteorite samples. We note that there are numerous moderately volatile or volatile elements that have two or more isotopes and can potentially provide information on evaporation and condensation processes operating during the evolution of the Moon, applying the caveats described in §2 (e.g. 11 
where X is the heavier mass isotope ( 34 S, 37 Cl, 41 K, 66 Zn) and Y is the lighter mass isotope ( 32 S, 35 Cl, 39 K, 64 Zn). [53, 54, 56] , for (b) from [32, [57] [58] [59] , for (c) from [31] and for (d) from [34, 37] .
(a) Sulfur
Sulfur has four stable isotopes, 32 S (95.02%), 33 S (0.75%), 34 S (4.21%) and 36 S (0.02%), with the typical mass-dependent stable isotope value reported as 34 S/ 32 S (δ 34 S) relative to Canyon Diablo Troilite (CDT; 34 S/ 32 S = 0.045). Sulfur has the lowest 50% condensation temperature (664 K) of the elements discussed here and, as well as being highly volatile under cosmochemical conditions, is also chalcophile [14] , making its behaviour distinct from those of Cl, K or Zn. Early studies of lunar samples revealed a relatively large spread in δ 34 S values for mare basalts (−1.6 to +0.9 ; [49] ), and significantly 34 S-enriched components in lunar regolith and soil materials (+6.1 to +13.5 and 320-790 ppm; [50] ), interpreted to reflect the loss of 20-30% of the abundance of S (and K) from the lunar regolith by ion sputtering [51] . A recent study has revealed a restricted range in δ 34 S for mare basalts of +0.57 ± 0.09 [52] , while work to identify mass-independent S fractionation in shergottites indicates an average δ 34 S for martian basalts of −0.05 ± 0.3 [53] . High-precision 34 S/ 32 S data have been obtained for terrestrial mid-ocean ridge basalts (MORB), giving an average δ 34 S of −0.98 ± 0.51 [54, 55] . Correlations with Sr and Nd isotope ratios in MORB suggest mixing with a low-δ 34 S mantle and a high-δ 34 S crustal component, in turn indicating that the depleted mantle has low δ 34 S (−1.28 ± 0.33 ) when compared to lunar rocks (+0.57 ± 0.09 ), potentially indicating a core fractionation effect [55] and/or a loss of the lighter S isotopes from the Moon. The range of S concentrations in lunar basalts (730 to >1500 ppm; [52] ), martian shergottites (300 to >1500 ppm; [53] ) and terrestrial MORB (728-1221 ppm; [54] ) are similar, but lunar mare basalts have isotopically heavier δ 34 S values (figure 3a). The similarities in the range of S concentrations for lunar, terrestrial and martian rocks may at first appear an impediment for volatile loss. However, S is typically exhausted after more than 20% partial melting, with most mantle-derived partial melts from the Earth or the Moon being S-undersaturated [60, 61] , indicating that enrichment of S is expected in mantle melt products.
(b) Chlorine
Chlorine has two stable isotopes, 35 Cl (75.78%) and 37 Cl (24.22%), and the delta notation (δ 37 Cl) is typically expressed relative to standard mean ocean chloride (SMOC). Chlorine has a 50% condensation temperature estimated as 948 K and is highly volatile [14] . It is also volatile at magmatic temperatures, incompatible during silicate melting and water-soluble, and it has consequently been identified as a powerful potential tracer of interactions between the terrestrial hydrosphere, crust and mantle [57, 59] . Lack of significant Cl isotope fractionation in the terrestrial mantle, crust and carbonaceous chondrites led Sharp et al. [57] to conclude lack of nebular fractionation of Cl isotopic compositions, or of late accretion Cl additions to the Earth. Compilations of terrestrial MORB data give an average Cl content of 205 ppm (range = 42-1400 ppm), with δ 37 Cl of −0.7 ± 0.6 [57, 59, 62] . The large range in Cl contents and elevated δ 37 Cl relative to estimated mantle composition (−1.6 ) indicates ubiquitous alteration of terrestrial volcanic rocks by seawater, brines or hydrothermally altered surface rocks. Since terrestrial magmas and lavas show a limited range of δ 37 Cl, it has been argued that there is always an excess of H relative to Cl, and that the dominant volatile chloride species is therefore HCl gas with a limited isotopic fraction between basaltic melts [32] . However, more recent work by Sharp et al. [33] provided evidence for significant isotopic fractionation of Cl isotopes in HCl. Limited data for martian shergottites also indicate a limited range in Cl isotope compositions (δ 37 Cl = −0.4 ± 0.4 ) and a range in Cl contents from 24 to 115 ppm [58] .
Chlorine isotopes have been strongly fractionated in some lunar materials (−1 to +24 ), leading Sharp et al. [32] to suggest a mechanism of volatilization of Cl as metal halides (e.g. NaCl, ZnCl 2 , FeCl 2 ), loss of Cl during basalt eruption on the lunar surface and, consequently, an essentially anhydrous lunar interior. Volatilization of Cl on the Moon is possible because of the low calculated H/Cl ratio for lunar basalts and from the presence of metal halides on the surface coatings of lunar pyroclastic glass beads [63] . Sharp et al. [32] presented Cl isotope and abundance data for bulk rock analyses of lunar mare basalts, regolith materials and lunar pyroclastic glass beads by gas-source mass spectrometry, as well as Cl isotope analyses of apatites performed by secondary ionization mass spectrometry. Lunar regolith components (+5.6 to +16 and 8-117 ppm Cl) are enriched in 37 Cl relative to mare basalts (0 to +4.2 and 5-25 ppm Cl) and apatites within mare basalts and KREEP-rich (potassium-rare earth elements-phosphorus) rocks (lunar sample no. 72275) are also enriched in 37 Cl (+13.1 to +24.5 ).
Sharp et al. [32] reported apatite in sample 12040 with δ 37 Cl of +17.2 and 0.83 wt% Cl and reported a bulk composition for the same mare basalt of δ 37 Cl = 0 and 11 ppm Cl. Assuming 0.1-0.2 modal per cent phosphate in 12040-a reasonable approximation for a primitive low-Ti mare basalt [64] [65] [66] -and using the Cl concentration measured by Sharp et al. [32] indicates that approximately 9 ppm (out of the 11 ppm measured [32] ; i.e. approx. 80% of the total Cl) is hosted within apatite minerals in mare basalts and implies either that the isotopic composition of the bulk should be much heavier than that reported by Sharp et al. [32] , or that the approximately 20% of Cl not hosted within apatites should be extremely (and improbably) isotopically light (approx. −70 ). Variable δ 37 Cl values occur for apatite in individual lunar samples, and δ 37 Cl in excess of +25 has been measured in apatites with more than 5000 ppm chlorine and with relatively high OH contents [67] . Therefore, values provided by individual apatites can be variable within a single rock and may reflect late-stage, secondary volatile-loss effects during extreme fractional crystallization. Given uncertainties in how to interpret the apatite Cl isotope and OH contents, the possibility for heterogeneous distribution of δ 37 the late-stage fractionation of apatite within lunar mare basalts, we only report bulk rock gassource mass spectrometry analyses of Cl for mare basalts in figure 3b. Bulk rock data indicate that martian and terrestrial basalts have similar δ 37 Cl, whereas mare basalts are characterized by 37 Cl-enriched compositions and Cl contents that are typically 2-40 times lower than basalts from the Earth or Mars.
(c) Potassium
Pioneering work in the 1990s [31, 68] revealed limited isotopic fractionation of the two stable isotopes of potassium, 39 K (93.3%) and 41 K (6.7%; the long-lived radioisotope 40 K makes up 0.012% of the natural abundance), in planetary materials. The work of Humayun and others reports 41 K/ 39 K ratios as δ 41 K relative to Suprapur KNO 3 [68, 69] . Limited work on K has been done in the past 20 years, although a study of K in terrestrial tektites revealed no discernible isotopic fractionation [69] . Given that potassium is moderately volatile and has a 50% condensation temperature of 1006 K, a lack of isotopic fraction led Humayun & Clayton [68] to conclude that K and other moderately volatile alkalis (e.g. Na, Rb, Cs) must have been depleted prior to chondrule, chondrite or planet formation, probably from a hot dust stage in the early solar nebula.
Despite lack of 41 K/ 39 K isotopic fractionation between terrestrial basalts (δ 41 K = +0.28 ± 0.21 ), martian shergottites (+0.5 ), eucrites (+0.9 to +2.7 ) and mare basalts (+0.1 to +1.5 ), Humayun & Clayton [68] found isotopically light δ 41 K in a ferroan anorthosite (60015, −3.9 ), and isotopically heavy δ 41 K in lunar soils (+5 to +12.7 ) [31] (figure 3c). Additionally, these authors confirmed previous studies [51] that had observed higher K contents in terrestrial basalts and martian shergottites (typically greater than 1000 ppm), relative to mare basalts (300-750 ppm) or eucrites (160-300 ppm). The lack of isotopic fractionation of 41 K/ 39 K in basalts formed by high-temperature igneous processes, or in tektites formed by dry melting during hypervelocity impacts, indicates lack of K fractionation, either during melting, or by partial evaporation [69] . Recasting the K isotopic data suggests variable and slight heavy isotopic enrichment in mare basalts relative to terrestrial or martian igneous rocks (figure 3c).
(d) Zinc
Numerous studies have been performed to characterize the zinc isotopic composition of planetary materials [34] [35] [36] [37] 70, 71] . Zinc is composed of five stable isotopes, 64 Zn (48.6%), 66 Zn (27.9%), 67 Zn (4.1%), 68 Zn (18.8%) and 70 Zn (0.6%), but, because of its low natural abundance, 70 Zn is rarely reported in high-precision isotopic measurement studies. The only recent study reporting high-precision 70 Zn/ 64 Zn ratio showed that this ratio is mass-dependently fractionated within chondritic material [72] . Along with Cl, Zn is classified as highly volatile, with a 50% condensation temperature of 726 K [14] . Zinc isotope ratios are reported as 66 Zn/ 64 Zn (δ 66 Zn), 67 Zn/ 64 Zn (δ 67 Zn) or 68 Zn/ 66 Zn (δ 68 Zn), typically relative to the 'Lyon' Zn standard JMC 3-0749 L [46] .
All the Zn isotopic data measured in Solar System materials to date fall on a slope 2 line on a δ 68 Zn versus δ 66 Zn plot, conforming to the expected mass-dependent mass-fractionation law. The same is true for 67 Zn/ 64 Zn and 70 Zn/ 64 Zn [72] . Terrestrial, martian and lunar rocks all lie on the same mass-dependent mass-fractionation line, along with all classes of chondritic meteorites [34, 35, 73] , indicating that Solar System Zn evolved from a single, isotopically homogeneous reservoir. All reported isotopic variations are therefore due to mass-dependent fractionations. Mass-dependent fractionation of Zn isotopes also rules out secondary neutron capture effects, which would lead to non-mass-dependent behaviour.
Zinc is more volatile than both K and Cl under solar nebula conditions [14] and exhibits limited isotopic fractionation during igneous processes [37] . On the Earth, and in primitive meteorites such as chondrites, variations of δ 66 the Moon and Mars, can reveal important differences in volatile depletion and replenishment events for these bodies. Extensive studies of terrestrial basalts have revealed a limited variation in Zn isotopic compositions and a precise bulk silicate Earth δ 66 Zn value of +0.28 ± 0.05 (2σ ), with terrestrial basalts typically having between 60 and more than 160 ppm Zn, the concentration of which broadly correlates with indices of differentiation [37] . Martian meteorites span a limited range in δ 66 Zn (+0.13 to +0.35 ), with an average δ 66 Zn of +0.25 ± 0.03 [34] . Zinc concentrations in shergottite meteorites are similar to those in terrestrial basalts at between 41 and 130 ppm, and Zn concentrations in nakhlite meteorites lie within the range of shergottite meteorites at between 61.5 and 89 ppm [34] .
Lunar samples exhibit the largest range of δ 66 Zn from any differentiated planetary body in the Solar System. However, systematic variations are observed between: (i) lunar pyroclastic glass beads, which have negative δ 66 Zn values (−2.9 to −4.2 ) and high Zn concentrations (129-231 ppm); (ii) pristine low-Ti mare basalts, which have an average δ 66 Zn value of +1.31 ± 0. 13 and are isotopically identical to high-Ti mare basalts (δ 66 Zn = +1.39 ± 0.31 ), and have Zn concentrations (0.6-12 ppm) at least a factor of 10 lower than in lunar pyroclastic glass beads; and (iii) lunar regolith, soils and anorthositic regolith breccia meteorites (MAC 88105), which have isotopically heavy δ 66 Zn (+2.6 to +5.6 ) (figure 3d) [34, 70, 71] . The high δ 66 Zn of the regolith and soil samples reflect both sputtering effects and impact gardening of the lunar regolith [70, 71] and do not represent primary magmatic compositions. There is a class of mare basalts with isotopically light δ 66 Zn (figure 3d, inset) that result in a similar range in lunar δ 66 Zn compared with eucrite meteorites (−7.8 to +6.2 ) [36] and have been interpreted as the consequence of condensation of isotopically light zinc after mare basalt crystallization [34, 75] .
Evidence for a non-ideal Rayleigh regime during isotopic fractionation of Zn
An important aspect of the Zn isotope data for the Moon is that the isotopic fractionation does not conform to ideal isotopic fractionation by distillation of ZnCl 2 or ZnS, which are both possible (although not the only) species involved in lunar degassing (figure 2). For ideal evaporation of a liquid into a vacuum, the Rayleigh distillation equation is
where F is the fraction of 64 Zn remaining in the melt and α is the fractionation factor between vapour and melt:
The fractionation factor (α) can be estimated as an upper limit for ideal behaviour using the square-root of the light isotopologue over the heavy isotopologue of the vaporizing species in the case of kinetic fractionation [76] ,
where m y and m x are the masses of the light and heavy isotopologue, respectively. For ZnCl 2 the α value is 0.993. Extreme fractionations of Zn isotopes in the melt and associated vapour phase are computed for reducing Zn concentrations in the melt fraction. Fractionations greater than those measured can be calculated, suggesting either incomplete evaporation, or the competing effect of diffusion rates being insufficient to maintain isotopic homogeneity in lunar melts (effect exemplified as lower α value of 0.999, for reference; figure 2 ). Fractionations less than theoretical calculations are observed experimentally [56, 77] and would be expected if diffusion rates are insufficient to maintain isotopic homogeneity of the melt. Potential analogues to explain inefficient and partial evaporation of Zn and, by extension, stable isotope fractionations of other volatile elements, are tektites. Tektites are terrestrial natural glasses that are produced during hypervelocity impacts or airbursts of a projectile into terrestrial target rocks or soils [78, 79] . Some tektites are extremely water-poor (less than 0. [69, 80, 81] . In contrast, some tektites are enriched in the heavy isotopes of Zn compared to upper continental crust [74] , and Zn abundance is negatively correlated with δ 66 Zn, indicating that isotopic fractionation occurred during evaporation under the high-temperature conditions of tektite formation (above 2273 K; figure 4) . A similar isotopic effect has been observed for Cu isotopes [82] . Tektites do not follow the calculated Rayleigh distillation curves for Zn isotope fractionation, which has been interpreted as evaporative isotopic fractionation in a diffusion-limited regime in which the molten tektite is advecting by viscous coupling with air [74] . The tektite is not re-homogenized instantly after evaporation, as it is in ideal Rayleigh distillation, and the magnitude of the isotopic fractionation decreases. Therefore, both natural [74] and experimental [77] 
Mechanisms for generating moderately volatile element depletion in the Moon (a) Nebula versus planetary volatile loss
Extreme volatile depletion of the Moon, as implied from the low concentration and isotopically heavy Zn isotope enrichment seen in lunar mare basalts, contrasts with more elevated Zn abundance and broadly chondritic Zn isotopic compositions for the Earth and Mars [34] .
Comparison of volatile and moderately volatile element abundance and isotopic compositions indicate that mare basalts are systematically volatile-depleted and are enriched in the heavy isotopes of moderately volatile elements compared with terrestrial or martian basalts (e.g. figures 1 and 3 ). Taken as a whole, the data indicate that moderately volatile element depletion is ubiquitous among mare basalts, through a large-rather than a small-scale process, or by hydrodynamic escape [83] . Given the differences in moderately volatile element abundances between the Moon and the Earth, it is not likely that this variation solely reflects depletion prior to planet formation [24, 31] . A depletion process prior to the formation of chondrules, chondrites and planet formation in the hot, dusty solar nebula can explain the systematic depletion of volatile elements in chondrites [19] , which are proxy materials for the building blocks of planets, but other depletion and/or replenishment events are also required to explain the differing volatile budgets among differentiated planetary bodies. At least two phases of volatile and moderately volatile depletion must have occurred during the formation of the Solar System. The first is at the nebula scale, prior to or during the formation of the first solids (cf. calcium-aluminium inclusions, chondrules). The second volatile depletion event, or series of events, is associated with planetesimal and planet formation and appears to relate with escape velocity (figure 5) and whether the body could retain a long-term atmosphere (e.g. the Earth, Mars, Venus) or not (e.g. Moon, Mercury, angrite or howardite-eucrite-diogenite parent bodies (HEDPB)), both during and after their differentiation. We refer to the first event as nebula volatile depletion and to the second as planetary volatile depletion. It is planetary volatile depletion that is considered in detail here, and that is applied to understanding the Moon's origin.
We suggest two process-driven mechanisms for planetary volatile depletion for the Moon and the Earth after the initial phase of nebula volatile depletion.
First, evaporation of volatile and moderately volatile elements could have occurred during the high-energy Earth-Moon forming event [34, 84] , which was then followed by later replenishment of volatile elements to the Earth and Mars by proportionally larger amounts of late accretion than to the Moon [85] . This process would be unique to the Earth-Moon system and irrelevant to Mars or small planetesimals, such as the angrite or eucrite parent bodies, which did not obviously suffer such a high-energy and late-stage (probably more than 100 Ma after Solar System formation; [4] [5] [6] ) event.
Second, planetary differentiation processes may have led to volatile and moderately volatile elements being lost on smaller (cf. lower mass, lower escape velocity) airless bodies, such as the Moon, more than on the Earth or Mars. These latter planets are considered to have formed nascent atmospheres early in their formation histories which may subsequently have been blown off, resulting in complex volatile retention trends [86] . An inevitable consequence of differentiation and incompatible volatile element loss on smaller bodies would also have been the formation of nascent atmospheres during outgassing. The likelihood of loss of atmospheres, either through smaller parent-body size or from impact-induced atmospheric blow-off, may have been a critical ingredient in the loss of volatile and moderately volatile elements in planets. during basaltic eruption. Below, we review the evidence for these potential processes, in turn. The evidence suggests that giant impact and late accretion-or localized eruption processes-require special circumstances in order to explain the moderately volatile element compositions of lunar mare basalts. Volatile outgassing during a magma ocean event offers much promise for understanding planetary volatile depletion, if mechanisms for evaporative vapour loss can be effectively identified.
(b) Volatile loss during the Earth-Moon forming giant impact?
Since the mid-1970s, the concept of a giant impact has become the favoured theory for the formation of the Earth and the Moon [87] , and remains consistent with the physical, geochemical and age constraints [1, 5, 7, 8] . Such a large-scale and high-energy event can theoretically explain planetary volatile depletion in the Earth-Moon system owing to the potential for large thermal and chemical gradients in the associated transient protoplanetary disc ( figure 6 ). Owing to the differences in moderately volatile elements retained between the Earth and the Moon, this scenario would require either: (i) more effective retention of volatiles in the Earth, perhaps due to shielding effects from a proto-atmosphere, a stronger gravity field than on the Moon, or differences in mantle oxidation state; or (ii) replenishment of volatiles and moderately volatile elements to the Earth after formation of the Moon ( §5c). The current lack of resolution in models for planetary oxidation events restricts quantitative constraints [88] , but oxidation state could effectively control the stability of mineral species that retain moderately volatile elements. For example, a difference in oxidation state between the proto-Earth and silicate liquid disc could explain the higher FeO contents in the present-day Moon relative to the terrestrial mantle [16] . For Zn, there is evidence from chondrite meteorites for the control of volatility through oxidation state. Enstatite chondrites, which are more reduced than ordinary or carbonaceous chondrites, show a trend of increasing δ 66 Zn with decreasing Zn abundance, and are consistent with evaporative fractionation [73] . With more reducing conditions from carbonaceous to enstatite chondrites, Zn can be preferentially partitioned into sulfides (or chlorides) relative to silicates [35, 73] . On reduced bodies, such as the Moon, desulfidation and dechlorination will also lead to pronounced Zn loss and Zn isotopic fractionation. Depending on speciation, this mechanism may also explain why some moderately volatile elements, like K, do not appear to show strong isotopic fractionation between terrestrial and lunar materials. Oxidation of the Earth's mantle could have been triggered by sequestration of the impactor's core into the terrestrial core, or through the sudden increase in size of the Earth from accretion of the Moon-forming impactor, increasing generation of Mg-rich perovskite at the base of a terrestrial magma ocean, forcing disproportionation of ferrous iron into ferric iron plus metal [88, 89] . On the other hand, new high-pressure elemental partitioning experiments have shown that the Earth's core could have been formed under rather oxidizing conditions [62] .
There are some problems with a model of the Earth retaining volatile elements preferentially to the Moon during a giant impact event. Mars and differentiated asteroidal parent bodies (howardite-eucrite-diogenites (HED) or angrite meteorites) do not appear to have suffered giant impact events, yet the latter are more volatile-depleted than the Earth, while the former is not. It is also unclear how effective retention or loss of volatiles would be between a proto-Earth and silicate liquid disc. Pahlevan & Stevenson [13] , in their analysis of this type of system, estimated equilibration times for oxygen on time scales of hundreds to thousands of years; moderately volatile element equilibration would presumably have been even more rapid [84] . It therefore seems likely that moderately volatile elements could not be effectively fractionated between different portions of the system following a giant impact, and that preferential replenishment of volatile and moderately volatile elements would be required in order to have a volatile-poor Moon relative to the Earth. However, it is also important to note that no studies have considered the subsequent volatile evolution of a planetary disc, so volatile depletion in giant impact disc environments remains an open question.
(c) A role for stochastic late accretion?
The elevated volatile contents of the Earth relative to the Moon can potentially be explained by replenishment of these elements from late accretion after the giant impact, a model that has been used to explain the inventory of volatiles in the present-day Earth [16, [90] [91] [92] . A schematic illustration of how this would work for Zn is shown in figure 4 . Depletion of volatile elements, such as Zn, occurs through evaporation during the giant impact and, subsequently, volatileelement-enriched 'chondritic' materials are accreted preferentially to the Earth, relative to the Moon, by post-core formation late accretion. This scenario is consistent with observations of chondrite-relative highly siderophile element (HSE: Os, Ir, Rh, Rh, Pt, Pd, Re, Au) abundances in the mantles and mantle products of the Earth, the Moon and Mars [61, 93] . In this scenario, the approximately 20-40 times lower HSE abundances of the lunar mantle [18] , compared with the Earth [94] , can be explained by stochastic delivery of proportionally massive impactors to the Earth and the Moon [85] .
Using estimated lunar (δ 66 Zn = +1.4 ; 2 ppm Zn) and terrestrial (δ 66 Zn = +0.27 ; 37 ppm Zn) bulk Zn compositions (table 1) , approximately 12% late accretion addition of Zn is required to explain the differences observed between the Earth and the Moon by late accretion. These calculations, using concentrations estimated partly from basaltic melt products from the Earth and the Moon, assume identical partitioning of Zn from the mantle into the melt. Employing higher Zn contents in the bulk Moon proportionally reduces the amount of late accretion mass required (approx. 5.5% at 20 ppm Zn in the Moon), but cannot replicate the terrestrial Zn isotope composition. The estimated amount of mass of impactor material from Zn (approx. 12%) contrasts with that required for Pb (approx. 5%) [92] and HSE (0.5% or more) [93] abundances in the Earth's mantle and at first sight suggests that late accretion cannot be responsible for volatile distributions between the Earth and the Moon.
Albarède et al. [92] have investigated a physical mechanism to explain the different apparent proportions of elements such as Zn, Pb and the HSE added to the Earth from late accretion. Models show that massive impactors involved in late accretion would have experienced partial vaporization [97] , leading to a physical process of separation of elements according to phases that In contrast, the HSE and Fe would mostly pool and sequester into the Earth's core, with some fraction of the HSE also being retained in the vapour cloud that would subsequently rain down on the Earth's surface, imparting a 'late accretion' signature (figure 7). Albarède et al. [92] argued that, during post-core formation accretion, partial vaporization could lead to the proportionally larger amounts of late accretionary mass required for volatiles, moderately volatile elements and Pb relative to the HSE. The current inventory of the HSE (approx. 0.5% late accretion addition) relative to Pb (approx. 5%) or Zn (approx. 12%) constrains the hypothetical vaporization ratios at 1 : 10 to 1 : 25. Furthermore, Albarède et al. [92] argued that this form of model would not violate W isotope constraints, because much of the impactor W would be segregated into the terrestrial core, along with the HSE. Models of addition of CI chondrite material to a presentday Moon composition for Zn show that simple mixing does not yield a present-day terrestrial composition (figure 7b). However, a 1 : 10 mixing model, incorporating accretion and partial vaporization of massive impactors, models the present-day composition of the terrestrial mantle quite well. A model of volatile element loss during giant impact, followed by stochastic late accretion of volatiles to the Earth and the Moon, has significant deficiencies. It is not clear how reasonable 5 to 10% or more late accretion for Pb and volatile elements is after the giant impact, given that the Earth-Moon forming event is widely considered the last major accretion event [2] . Nor is it known if the giant impact was a global 'clearing house' event for the HSE in the Earth. Understanding if both the Earth and the Moon were systematically depleted in volatile and highly siderophile elements during their formation is a crucial constraint for assessing whether a late accretion model for volatile enrichment can work. Scenarios that use a high ice/rock ratio (e.g. comets) could help to reduce the mass balance problem, but cometary material does not seem consistent with volatile element isotopic data [91] . The similar estimated HSE abundances of the Earth and Mars [61] also require explanation, given the large differences in timing of differentiation of the two bodies [99] . Recent work to constrain the timing of late accretion to the HED parent body(ies) has shown rapid addition, within 2-3 Ma, and that late accretion is simply the result of cessation of core formation on differentiated planetary bodies [98] . Thus, why Mars, whose core probably formed and ceased growth more rapidly than for the Earth [5, 99] , would have similar estimated HSE abundances in its mantle to the Earth, remains an outstanding science question. Given the discussion above, a giant impact and/or late accretion scenario to explain moderately volatile element distributions in the Earth and the Moon remains unconstrained, and alternative explanations need to be sought. (a) Schematic diagram of an impactor striking a planet, partially vaporizing and forming a globally shrouding cloud enriched in all elements with concomitant differentiation of the melted fraction of the impactor into a metal fraction (removing the HSE) and a silicate melt fraction (containing lithophile elements). A similar model has been proposed to explain the different proportions of volatiles and siderophiles apparently added to the Earth after differentiation and metal-silicate equilibration [92] . (b) Zinc isotope compositions versus total HSE abundances for the Moon, the Earth, Mars, CI chondrites (data from [34, 61] ) and HED meteorites (data from [36, 98] and J.M.D.D, 2010, unpublished data). Dashed mixing lines are for a eucrite composition (δ 66 Zn = +6 ; HSE abundance = 0.0001 × CI chondrite) and a lunar composition (δ 66 Zn = +1.4 ; HSE abundance = 0.0001 × CI chondrite) with CI chondrite. The solid grey line is for mixing with a lunar composition with CI chondrite, but assuming partitioning of HSE from volatiles like Zn using an impact vaporization scenario as depicted in (a) and assuming a 1 : 10 ratio of vaporized (step 3) to segregated (step 2) HSE.
(d) Local eruption processes?
The large range in δ 37 Cl ratios measured for lunar rocks possibly indicates local eruption processes causing evaporation and volatile loss [32] (figure 6c,d ). Independent evidence also exists that local eruption processes can lead to evaporation of moderately volatile elements and so volatile depletion in the Moon could reflect late-stage magmatic processes. For example, elevated volatile and siderophile abundances are surface-correlated in some lunar pyroclastic glass beads [63, [100] [101] [102] [103] [104] [105] [106] . These observations can be reconciled by deposition of volatiles (e.g. Zn, S, Cl, F, Pb) occurring upon quenching of the beads within the associated vapour jet that expelled them, reduction of FeO to Fe-rich metal phases at the surface of the glass beads [107] and fractionation of Zn isotopes [71] .
Localized eruption processes and impact gardening are important for partial condensation of isotopically light S, Cl, K and Zn on the lunar surface. For example, some mare basalts have δ 66 Zn < 0.5 (e.g. 10017 and 12018) [34, 75] , and have higher Zn abundances (average = 4.2 ppm) than the majority (80%) of mare basalts (average = 1.7 ppm). Previously, light Zn isotope enrichment in pyroclastic glass beads has been attributed to Zn evaporation during fire fountaining, with condensation of isotopically light Zn on the surfaces of the ejected beads [70, 75] , as also proposed for 32 S enrichments [104] , and consistent with elevated Zn concentrations on their exteriors [63, 71] . Vapour loss should increase the δ 66 Zn value of the residual magma, and this process can be modelled assuming exhalative evaporation of Zn as ZnCl 2 on the Moon [63] , versus for the Earth, where Zn is evaporated as Zn 2+ [108] , with essentially no fractionation between vapour and melt (α = 1). Paniello et al. [34] showed that Rayleigh fractionation calculations can explain isotopically light vapour Zn isotope compositions conforming to those measured in 12018, 10017 and pyroclastic glass beads through evaporation and re-deposition of ZnCl 2 from lunar melts (e.g. figure 2) . A similar process would take place during impact gardening, with sputtering and re-deposition of isotopically light Zn on the lunar surface. We therefore exclude mare basalts with isotopically light Zn values because they are likely to reflect post-crystallization contamination at the lunar surface.
Both high-and low-Ti mare basalts with low Zn concentrations have δ 66 Zn of 1.4 ± 0.3 [34, 36, 75] . The identical Zn isotopic compositions of low-and high-Ti mare basalts indicate identical processes acting on both basalt types, despite conspicuously differing crystallization and cooling histories and lunar mantle sources. Cooling and crystallization rates for mare basalts vary dramatically [109] [110] [111] , with evidence for quenched and coarse-grained basalts at individual Apollo sites (see fig. 2 in [65] , for an example at the Apollo 15 site). Additionally, low-Ti mare basalts are the predominant form of basalt exposed on the lunar surface (approx. 90%; [112] ), and their prevalence over high-Ti mare basalts is consistent with magma ocean crystallization models that indicate that more than 78% of the lunar mantle would be dominated by olivine and orthopyroxene, whereas ilmenite-rich cumulates formed after 95% crystallization [113] . If localized eruption processes were the cause of Zn isotopic variations in lunar mare basalts, correlations might be expected between crystallization history or mantle source composition, yet the δ 66 Zn values seem invariant to these parameters. Furthermore, our reanalysis of published S, Cl, K and Zn isotope data (cf. figure 3) suggests that a large-scale global differentiation process, rather than local eruption processes, is a far more likely cause of the systematic depletion of these elements in the sources of mare basalts.
(e) Lunar magma ocean differentiation
The distinct geochemical traits of mare basalts and other lunar rocks underpin the concept of a lunar magma ocean to account for the plagioclase (Eu)-enriched crust overlying a plagioclase (Eu)-depleted mare basalt source region [114, 115] . This form of 'planet-scale' melting and differentiation is probably an inevitable consequence of planetary differentiation, even on small bodies such as angrite or eucrite meteorites [116] . The chronology of events is poorly constrained [6] , but the composition of mare basalts is consistent with derivation from mantle sources with different proportions of ilmenite [113] . The lunar magma ocean hypothesis predicts mineralogical variations in lunar cumulate reservoirs and in the source regions of low-and high-Ti mare basalts. Such features can also explain the significant stable O-Mg-Fe isotope variations measured for lunar basalts [8, 117, 118] . These studies have shown that, from existing knowledge of hightemperature mineral-melt partition coefficients, magmas generated from sources with variable modal mineralogies and/or mineral-source compositions would have fractionated stable isotope compositions.
Magma ocean differentiation offers an alternative explanation for the volatile element distribution and isotopic variations observed for the Moon relative to the Earth, Mars and other differentiated bodies (figure 6b). Outgassing of a magma ocean would lead to evaporation of volatile elements and the systematic and progressive heavy-isotope enrichment in the condensate relative to the vapour. An important aspect of outgassing of a magma ocean is that perfect volatility behaviour would not be expected, for three principal reasons. First, the duration of a lunar magma ocean phase is important [116] , prior to generation of a permanent crust, which would presumably impede volatile element loss. It is possible that the shorter duration of a [119] leads to formation of high-Ti mare basalt and high-Ti lunar pyroclastic glass (LPG) source regions. Partial melting of volatile-depleted (LLMOC and ULMOC) cumulates to form mare basalts and of primitive lunar interior to form LPG can explain the volatile abundance differences estimated for their source regions [22, 34] . If high-Mg suite rocks form from LLMOC, a testable hypothesis is that they should have isotopically heavier δ 66 Zn. Conversely, ferroan anorthosites should have δ 66 Zn ranging from positive to negative values in response to volatile loss in their source region and later condensation (cf. figure 6d) .
lunar magma ocean prior to crust formation, relative to more prolonged crustal growth above a magma ocean on smaller planetesimals, can partly explain the greater enrichment of δ 66 Zn in some unbrecciated eucrites [36] . Second, for loss of volatiles, atoms would be required to exceed the escape velocity, or would need to be lost during a process such as atmospheric blow-off, and this process may inhibit ideal Rayleigh distillation of moderately volatile stable isotopes. On small bodies (less than 500 km diameter), such as differentiated planetesimals, this would be a trivial issue, but the escape velocity of the present-day Moon is non-trivial (table 1) mechanism (e.g. vapour partial pressure above the magma ocean and formation and subsequent erosion of a transient atmosphere) would become critical. Third, evaporation of volatile elements would be expected to follow non-ideal Rayleigh fractionation. This is because only the upper portions of a magma ocean would be exposed to vacuum, and convection in the magma ocean would be a rate-limiting step in the efficiency of volatile loss in a lunar magma ocean.
There are a number of consequences of non-ideal Rayleigh fractionation and volatile loss in a lunar magma ocean that appear to fit most closely with the available volatile element data. First, ideal Rayleigh distillation behaviour would not be predicted, and this is certainly not observed ( figure 2) . Second, early-formed cumulates would be expected to record less volatile loss than later-formed cumulates, at least prior to the formation of the lunar anorthositic crust. Some deep, early-formed cumulates could retain a higher volatile inventory and more chondritic volatile stable isotope ratios and such sources could potentially fit with the deep mode of origin of lunar pyroclastic glass beads [119] , their lower μ-values compared with mare basalts [27] and their high apparent water contents [22] . A conceptual model of magma ocean outgassing and volatile loss can explain some of the observed values for moderately volatile element abundances and stable isotope ratios (figure 8). Further work is required, however, to test the model (e.g. Zn isotope analyses of high-Mg suite rocks, which should be isotopically heavy) and to assess mechanisms that would explain the mass balance of light isotope depletion of moderately volatile elements in the Moon (e.g. transient atmospheric erosion or blow-off; storage of light isotopes of volatile elements in the lunar crust or regolith).
Conclusion and outlook
Available volatile element stable isotope variations indicate that a global-scale evaporation event was the most likely cause of volatile depletion in the Moon, and by extension in other fully differentiated and airless bodies. Despite this evidence, a number of fundamental science problems remain to be resolved in order to improve understanding of volatile element depletion:
(1) Additional high-quality S, Cl, K and Zn isotope data are needed for the Moon, the Earth and other planetary bodies, while elements with different volatilities, atomic masses or behaviours (e.g. Cu, Rb, Ga, Cd) would place additional constraints on some of the proposed models for planetary volatile element depletion. (2) Analysis of both bulk rock samples and mineral phases will be important for understanding volatile element depletion and the siting of these elements within mantlederived magmatic rocks from differentiated planetary bodies. Comparison of volatile and moderately volatile isotopic data from mineral phases with bulk rocks needs to be approached with caution, particularly if the mineral phase is a late-stage crystallization product (e.g. Cl in apatite). (3) Further study of surface-correlated effects in the pyroclastic glass beads and careful assessment of surface coatings on the exteriors of lunar rocks are required in order to more fully understand localized eruptive processes. Apollo samples were all collected from the lunar regolith, so isotopically light condensation of moderately volatile elements from eruption and impact gardening could hamper resolution of magmatic and mantle signatures. (4) The relationship between planetary escape velocity and volatile elements may be important in assessing degassing and volatile loss in a magma ocean. Current evidence suggests that the lunar pyroclastic glass eruptions led to condensation of isotopically light Zn [71] , implying that lunar escape velocities were not effectively exceeded by this process. Similarly, if escape velocities were not exceeded during the earliest magma ocean phases, then an ephemeral atmosphere in a low-gravity environment followed by erosion of this atmosphere would be required. Rapid erosion of an atmosphere rich in isotopically light vapour may offer an explanation for the loss of volatiles from a lunar magma ocean. (5) Refined experimental data will aid in understanding diffusion-limited regimes relevant to volatile loss [77] . Controversy surrounds the expected behaviour of volatiles into the hard vacuum at the lunar surface [120] , but current evidence suggests inefficient isotopic fractionation of volatile stable isotopes. Further experimental and theoretical work is also required to understand the behaviour of moderately volatile elements with varying speciation. This form of approach is crucial for understanding the role of putative vapour-liquid Moon-forming discs after a giant impact scenario [84] . (6) More direct comparison of moderately volatile and highly volatile elements and associated species, such as H 2 O and OH, are desirable, given the competing evidence for a relatively 'wet' [22, 23] or 'dry' Moon [32, 34] . Did portions of the Moon retain a higher volatile element inventory in a magma ocean (figure 8), or were the source materials that formed the Moon ubiquitously volatile-depleted during a giant impact? If so, can heterogeneous addition of late accretion materials account for 'wet' regions of the Moon as sampled by lunar pyroclastic glasses?
Volatile depletion in planets remains a major challenge for understanding planet formation processes and the cosmochemistry of the earliest Solar System. Mare basalts from the Moon come from mantle source regions that were volatile-depleted relative to the source mantle of terrestrial or martian basalts and require a planetary volatile depletion separate from nebular volatile depletions observed in chondrites. It remains to be resolved what the exact process(es) of volatile depletion was (were) for the Moon, but the challenges associated with addressing this problem remain some of the most important in planetary science.
